Diagnostic criteria are presented for degenerative, inflammatory, nonneoplastic proliferative, and neoplastic lesions in the liver of medaka (Oryzias latipes), a small fish species frequently used in carcinogenesis studies. The criteria are the consensus of a Pathology Working Group (PWG) convened by the National Toxicology Program. The material examined by the PWG was from medaka exposed to N-nitrosodiethylamine for 28 days, removed to clean water, and sacrificed 4, 6, or 9 mo after initiation of exposure. Degenerative lesions included hepatocellular intracytoplasmic vacuolation, hepatocellular necrosis, spongiosis hepatis, hepatic cysts, and hepatocellular hyalinization. Inflammatory lesions consisted of granulomas, chronic inflammation, macrophage aggregates, and focal lymphocytic infiltration. Nonneoplastic proliferative lesions comprised foci of cellular alteration (basophilic focus, eosinophilic focus, vacuolated focus, and clear cell focus) and bile duct hyperplasia. Neoplastic lesions included hepatocellular adenoma, hepatocellular carcinoma, cholangioma, and cholangiocarcinoma. Two lesions composed mainly of spindle cells were noted, hemangiopericytoma and spindle cell proliferation. Rather than being an exhaustive treatment of medaka liver lesions, this report draws from the published literature on carcinogen-induced liver lesions in medaka and other fish species and attempts to consolidate lesion criteria into a simplified scheme that might be useful to pathologists and other researchers using medaka lesions for risk assessment or regulatory purposes.
INTRODUCTION
Because of such factors as economy, rapid response, and the statistical advantage of using large numbers of specimens, several small fish species are being consid-ered as supplements to traditional rodent models in carcinogenicity bioassays (4, 14, 15, 28) . The medaka (Oryzias latipes), an egg-laying, freshwater species, has been given perhaps the most attention. The sensitivity of the medaka to many carcinogens, particularly those causing hepatocellular neoplasia, the large numbers of fish that can easily be studied, and the opportunity to control many extraneous factors, make this species a good model for the biology of hepatic neoplasia (19) , oncogene activation (30) , and DNA repair (22) and for studies that require large numbers of specimens such as those that examine ' This paper is Contribution #982 of the U.S. Environmental Protection Agency, Gulf Ecology Division, Gulf Breeze, Florida. low dose carcinogen responses (31 ) . A need exists for the establishment of diagnostic criteria for medaka liver lesions. In rodent toxicologic pathology, this need has been / addressed through the Pathology Working Group (PWG) i approach (5) , that has resulted in criteria being estabi lished for hepatoproliferative lesions in rats (26) and mice (27) . In the present study, hepatic lesion criteria for medaka were developed from nearly 3,000 medaka that were provided to a PWG for review. Those medaka had been exposed to a range of concentrations of N-nitrosodiethylamine (DEN) and examined histologically at intervals during and after exposure. The studies were designed to investigate the dose-response curve for DEN-induced lesions at incidences from greater than 20 percent to about 1 percent. The data were used to establish conditions for a large-scale study to examine the dose-response curve at about 1 percent and below (31) .
A PWG comprising pathologists experienced in rodent or fish liver histopathology was convened to review liver lesions found in medaka in a pilot study of N-nitrosodiethylamine exposure. The specific objective of the PWG was to develop terminology and diagnostic criteria for hepatic lesions to assist pathologists evaluating medaka in a large fish study designed to determine the linearity of lowdose effects (31) . Because several pathologists would be involved and each given a large number of slides to read, it was critical that diagnostic terminology be simple and criteria clear in order to achieve uniformity of diagnoses.
Although several studies on degenerative and proliferative liver lesions in small fish models have been reported, it was considered worthwhile to document the spectrum of lesions and establish criteria for medaka treated in the same manner as for the large scale test. It was recognized, however, that lesion morphology is often dependent on the particular carcinogen used and that studies using different carcinogens may result in different types of lesions. The classification presented here is based on light microscopic features of the medaka lesions and comparison with rodent lesions. As more is learned about the biology of the lesions, the classifications will be modified. This classification system is restricted primarily to the degenerative, inflammatory, nonneoplastic proliferative (hyperplastic), and neoplastic lesions found in medaka liver. Two types of mesenchymallike hepatic neoplasms encountered in the study are also included in the scheme. Generally, vascular and congenital lesions are uncommon and believed to be less critical in assessing the dose/response effect of DEN in the medaka liver. The PWG members constitute the authorship of this article. Observers who helped review the slides, classify the lesions, and prepare the manuscript are listed in the Acknowledgments.
MATERIALS AND METHODS
Material for the PWG review was from 2 age groups of medaka which were exposed under flow-through conditions to nominal concentrations of 0, 2.5, 5.0, 10, and 20 mg/L N-nitrosodiethylamine [diethylnitrosamine (DEN), CAS 55-18-5] for 28 days then removed to clean Water. One group was 6 days old and the other was 52 days old at the start of the tests. During the exposures, DEN concentrations remained stable and near target con- centrations. Each of the 10 treatment groups consisted of 4 position-randomized replicate exposure aquaria that were maintained during exposure, grow-out, and histopathological evaluation. For histopathology, 100 specimens (25 from each replicate) were randomly sampled from each treatment group at 2 wk, 1 mo, 4 mo, 6 mo, and 9 mo after initiation of exposure. Specimens from the 4-, 6-, and 9-mo samples were reviewed by the PWG.
Whole fish were fixed in Lillie's solution, embedded in paraffin, and sectioned in midlateral and sagittal planes. Slides were stained with Harris's hematoxylin and eosin.
Examination of the whole fish confirmed that the carcinogenic responses were limited to the liver and the younger fish group demonstrated a greater carcinogen sensitivity than the older group. Carcinogen-induced lesions were restricted to the liver except for some renal lesions if a few high dose specimens. The renal lesions ranged from degeneration of renal tubules to proliferation of the glomerular parietal epithelium leading into the neck segment. Preliminary statistical analyses of 6-/and 9-mo results showed dose-related increases in the incidences of combined hepatocellular neoplasms (adenoma and carcinoma), biliary neoplasms, and hemangiopericytomas in both test groups.
RESULTS

Degenerative Lesions
Vacuolation. The presence of clear intracytoplasmic vacuoles in hepatocytes was a common feature in control medaka, especially in males ( Fig. 1 ) but less so in females (Fig. 2 ). The content of the droplets in males was probably glycogen. Minimal vacuolation occurred in nearly all controls and seemed to be increased in DEN-exposed fish (Fig.  3 ). Vacuolization was multifocal or diffuse. In general, scattered small vacuoles in isolated hepatocytes were not diagnosed, because this occurred frequently in control fish and probably reflects variations in nutritional status. Vacuolation was diagnosed only when considerably more extensive than seen in controls. Solitary focal lesions were best diagnosed as vacuolated foci. Necrosis. Hepatocellular necrosis occurred occasionally in livers of control medaka, usually as single-cell necrosis. The lesions were more extensive following DEN exposure, especially at the higher concentrations. Necrosis in exposed fish was usually coagulative, with the cells appearing deeply eosinophilic with pyknotic nuclei. Occasional solitary necrotic hepatocytes did not warrant a diagnosis but when necrotic cells were found in most low-power fields or when contiguous cells were involved a diagnosis of hepatocellular necrosis was made. Necrosis was diagnosed as to whether it involved individual hepatocytes in a random or diffuse pattern or whether a large area was involved as in coagulative necrosis. Also, the degree of necrosis, mild to severe, was noted. Because the teleost liver in organized in a tubulosinusoidal pattern (18) rather than the lobular pattern characteristic of the mammalian liver, diagnostic descriptions relating to a zonal effects such as centrilobular or periportal necrosis do not apply. tic degeneration) occurred as clusters of multiple small cystlike structures (Fig. 4 ). The typical multilocular appearance of the lesion is the result of a meshwork of interconnected perisinusoidal cells. The loculi or cavities formed by the cytoplasmic extensions contained fine flocculent material and, frequently, leukocytes. The spongiotic formations often replaced large areas of the liver parenchyma. This lesion was distinguished from the clear solitary or multiple hepatic cysts. In this study, spongiosis hepatis occurred in control as well as in DEN-exposed specimens, seemed to be related to age in both groups, and was especially prominent in livers of specimens from high-DEN exposure groups. The lesion was present in some hepatocellular neoplasms but was not diagnosed separately when it appeared to be part of a neoplastic lesion.
Hepatic Cysts. Cysts occurred either singly or as multiple large, clear cavities in the hepatic parenchyma (Fig. 5) . The relationship between hepatic cysts and spongiosis hepatis was not always clear. Sometimes clusters of moderately large cysts were observed. Cysts were usually lined by flattened to cuboidal epithelium or by hepatocytes. Multilocular lesions containing flocculent material were usually diagnosed as spongiosis hepatis whereas hepatic cysts were generally empty or contained eosinophilic material more characteristic of protein. Sometimes, granulomas appeared to develop within a cyst or within a spongiotic lesion. Cystic spaces occurring in hepatic neoplasms were not diagnosed separately.
Hepatocyte Hyalinization. This lesion consisted of focal to multifocal hepatocytes that were sometimes enlarged. Some hepatocytes had a brightly eosinophilic cytoplasm or contained a hyaline intracytoplasmic droplet. The hyaline droplets were about 5-15 >m in diameter and stained brightly to lightly eosinophilic. Some were slightly basophilic cytoplasmic inclusions. The enlargement of the affected cells was apparently secondary to the presence of the intracytoplasmic inclusions. This condition appeared to be a degenerative change because hyalinized hepatocytes were sometimes seen within hepatic neoplasms. Possibly, cells with brightly eosinophilic cytoplasm may represent early stages of this degeneration. The presence of cells containing hyaline inclusions was either multifocal or diffuse. The appearance of a cytoplasmic inclusion was characteristic but in lesions with only with an increase in cytoplasmic eosinophilia hyalinization was difficult to distinguish from an eosinophilic focus. When this degenerative process occurred within a neoplasm, it was not diagnosed separately.
Inflammatory Lesions
Focal Lymphocytic Infiltration. Relatively discrete clusters of lymphocytes occurred in the liver usually in spaces along the biliary network and large veins. This condition, was much less commonly seen than granuloma. When this occurred alone it was diagnosed separately. It was not uncommon for a combination of inflammatory lesions to occur. When that occurred, the most prominent inflammatory process was diagnosed.
Chronic Inflammation. Chronic inflammatory changes were also common in the medaka liver. These consisted of clusters of moderately large macrophages or scattered aggregates of macrophages between hepatocytes. Focal, multifocal, or diffuse infiltrates composed predominantly of lymphocytes scattered within the stroma between hepatocytes accompanied some chronic inflammatory lesions (Fig. 6 ). In contrast to granulomas, which were discrete and organized, chronic inflammation was more diffuse. The presence of relatively pure lymphocytic infiltrates might indicate that other tissues should be examined for the presence of lymphoma.
Macrophage Aggregates and Granulomas. Macrophage aggregates (focal histiocytosis) were identified as accumulations of macrophages found mainly in the spleen but also at other sites, especially the liver and kidney. The lesion consisted mainly of clusters of plump, pigment-bearing macrophages surrounded by a thin capsule (Fig. 7 ). The pigment ranged in color from yellow to dark brown and black depending on the amount of hemosiderin, ceroid/lipofuscin, or melanin that probably represented autolyzed cellular debris phagocytized by the macrophages.
The distinction between macrophage aggregates and granulomas in fish is not clear. However, because macrophage aggregates serve as a sink for the deposition of antigens and particulates, they can become the focus for granulomas in chronic infectious conditions such as mycobacteriosis (12) . Granulomas were considered to be organized inflammatory lesions with a center of densely packed macrophages and a periphery of cells with small deeply basophilic nuclei that sometimes appear epithelioid. Hepatic granulomas were focal or multifocal lesions that were commonly observed in the medaka liver and appeared similar those in rodents. The focal, organized nature of the lesion was used to distinguish granulomas from other chronic inflammatory changes. would not be diagnosed. Second, mixed cell foci would be classified according to the predominant cell type. Third, basophilic and amphophilic foci would be combined as basophilic foci because the distinction between the 2 is often not clear.
Basophilic focus-Basophilic foci were round to irregular clusters of hepatocytes with increased amphophilic to basophilic staining compared to the adjacent cells (Fig.  8) . Sometimes, the lesions were sharply demarcated from the adjacent hepatic parenchyma but exhibited little evidence of compression. There was little or no atypia of the hepatocytes and mitotic figures generally were not increased. The affected cells were usually smaller than adjacent hepatocytes.
Eosinophilic focus-Eosinophilic foci also were round to irregular areas of hepatocytes with increased eosinophilia compared to the adjacent cells ( Fig. 9 ). They were usually more sharply demarcated from the adjacent hepatic parenchyma than were basophilic foci and some foci exhibited evidence of compression. Atypia or increased mitotic activity was generally not seen but the cells were often enlarged with granular eosinophilic cytoplasm. Eosinophilic foci were less common but more distinct than were basophilic foci.
Vacuolated focus-Vacuolated foci were spherical to irregular and contained variably sized discrete clear vacuoles resembling fat vacuoles within hepatocyte cytoplasm ( Fig. 10 ). Some vacuoles were quite large. A characteristic feature was margination of the nuclei in affected cells. Vacuolated foci occurred more commonly in the DEN-exposed specimens than in controls. Other than differences in cytoplasmic staining, hepatocytes within vacuolated foci appeared the same as adjacent hepatocytes and were arranged in the typical parenchymal pattern. Vacuolated foci blended smoothly with the surrounding parenchyma without producing compression.
Vacuolated foci can present a diagnostic problem. In both control and exposed medaka, vacuolation was focally extensive to diffuse and some degree of hepatocyte vacuolization was common. For consistency, vacuolated foci was diagnosed only when they clearly represented a focal lesion containing 12 or more cells. Hepatocellular vacuolization and vacuolated foci sometimes occurred in same liver, especially in exposed specimens. In such a case, the focus composed of highly vacuolated hepatocytes was prominently superimposed on a diffuse background with less hepatocyte vacuolation.
Clear cell focus-Clear cell foci consisted of hepatocytes with diffusely pale, finely vacuolated cytoplasm. These foci were sometimes considered to have a &dquo;ground glass&dquo; appearance (Fig. 11 ). The lesion was focal but often the margins were not as distinct as those of other foci. Nuclei were often centrally located and the cytoplasm between the small vacuoles sometimes appeared granular. Clear cell foci were less common than vacuolated foci. Hepatocellular Adenoma: Adenomas usually were single, small, discrete lesions with a distinct border. They caused at least some compression of adjacent hepatic parenchyma. Occasionally, adenomas were quite large and replaced a significant amount of liver. The cytoplasm of hepatocytes within adenomas was usually more eosinophilic or basophilic than surrounding parenchyma. Some adenomas contained cells with foamy vacuolated cytoplasm like those constituting clear cell foci or, more rarely, hyalinized hepatocytes. Cells within adenomas were a monomorphic population with little or no cellular pleomorphism and usually a lack of mitotic figures. Constituent cells were usually arranged in normal hepatic tubules but they appeared to be hypercellular and often somewhat polygonal as compared to the elongated shape of normal hepatocytes. These were often subtle changes, especially in small lesions.
Diagnosis of large adenomas was considered straightforward. There could be difficulty, however, in differentiating an early adenoma from an altered basophilic focus. The presence of a sharply demarcated border, compression of adjacent parenchyma, subtle alteration in the shape and number of hepatocytes in the hepatic tubules, and the orientation of the hepatocyte tubules were distinguishing characteristics.
Hepatocellular Carcinoma: Carcinomas usually were single lesions, but specimens from the high-dose group sometimes had multiple carcinomas. The incidence of carcinoma diagnosed in higher dose groups was 2-3 times that of adenoma. Carcinomas were often large lesions that had replaced 25% or more of the liver. In several high dose specimens, the entire liver was replaced by the neoplastic process. Livers containing large carcinomas were often enlarged because of the neoplasm. Generally, carcinomas did not have distinct borders and appeared to invade the adjacent normal liver (Fig. 12 ). Degenerative changes such as foamy cytoplasmic vacuolization or hyalinization were sometimes seen within carcinomas. It was common to see small isolated foci of neoplastic hepatocytes similar to those in the carcinoma within the apparently normal parenchyma adjacent to the carcinoma, possibly indicating invasive behavior. Some carcinomas were composed of polygonal cells but most were composed of densely packed, somewhat elongated, cells arranged in irregular cords that were thicker than normal. Cells in carcinomas often tended to form solid clusters. As carcinomas progressed, they were characterized by a moderate to marked cellular pleomorphism with nuclear atypia (Fig. 13 ) and usually with an increased number of mitotic figures. Some lesions diagnosed as carcinomas were small and it was difficult to distinguish these from adenomas or large altered foci. The densely cellular, thickened cords and the tendency to solid growth were distinguishing characteristics. The trabecular pattern as seen in rodent carcinomas was not commonly seen.
Clear evidence of invasion or metastasis was not seen in any of the carcinomas and the cellular morphologic characteristics were the primary distinguishing features. Some of the large carcinomas contained focally extensive or diffuse proliferation of spindle cells characteristic of hemangiopericytoma (see below). In that case, however, hemangiopericytoma was not diagnosed separately.
Biliary Lesions. Bile Duct Hyperplasia: Bile duct hy- perplasia was occasionally diagnosed and consisted of a few, often scattered, well-differentiated bile ducts. The bile ducts were variably shaped and the biliary epithelium was well-differentiated. Bile duct hyperplasia sometimes appeared to be a regenerative response secondary to a inflammatory lesion such as granuloma.
Cholangioma: These consisted of clusters of well-differentiated bile ducts that formed an expansive wall with discrete borders (Fig. 14) . Ductal structures were surrounded by stromal proliferation and replaced hepatic parenchyma. Some of the cholangiomas consisted of dilated bile ducts (Fig. 15 ), but this feature was not distinguished by a separate diagnosis. The bile duct epithelium in a cholangioma may form papillary structures. Cholangioma was differentiated from bile duct hyperplasia, which usually consisted of scattered, well-differentiated bile ducts without compression of or expansion into adjacent parenchyma.
Cholangiocarcinoma: Cholangiocarcinomas consisted of atypical proliferating bile ducts often admixed with abundant proliferating stroma (Fig. 16 ). The lesions dis- played invasive growth into the surrounding parenchyma. The proliferating bile ducts were usually irregularly shaped, immature, admixed with proliferating spindle cell stroma and often exhibited abundant collagenous connective tissue. The neoplastic biliary epithelium was pleomorphic with numerous mitotic figures. Sometimes, the proliferating bile ducts were obscured by the spindle cell proliferation and it was difficult to distinguish the atypical bile ducts from the stroma. Miscellaneous Lesions. Spindle Cell Proliferation: These lesions consisted of spindle shaped cells that intersected the hepatic parenchyma to form nodules or cords (Fig. 17 ). They ranged in size from small aggregates to lesions that replaced large areas of the liver. Although some of these lesions might progress to hemangiopericytoma, the cell type in small lesions was often difficult to determine. From ultrastructural and immunocytochemical analysis, some cases of spindle cell proliferations appear to consist of biliary epithelial cells forming ductules with collapsed lumens.
Histologically, these cells have large, open-faced nuclei.
Other cells with small, dark, oval nuclei may be endothelial -lemangiopericytoma: Hemangiopericytomas consisted of straight and whirling bundles of spindle cells that replaced varying amounts of the liver parenchyma (Fig. 18 ). Diagnosis was not difficult when these neoplasms were large and the diagnosis was restricted to well-defined lesions consisting of spindle cells producing the characteristic whirling pattern. The lesions were characterized by patent or collapsed vessels surrounded by spindle-shaped neoplastic cells forming multilayered whorls. The tumor cells were pale-staining with oval to spindle-shaped nuclei. Foci of tumor necrosis and mitotic figures were common.
DISCUSSION
Small fish carcinogenesis models have been proposed as useful alternatives to rodent models for identifying environmental carcinogens. Standardization of nomenclature and consensus on diagnostic criteria are important for communicating test results and comparing findings from different studies and laboratories. The results of rodent studies have become more useful with better standardization of criteria and the same will be true for fish models. The intent of this study was to propose diagnostic criteria for hepatic lesions in the medaka (Oryzias latipes). The criteria were developed specifically for use by a team of pathologists to read a large dose-response study using medaka (31) . The process used to develop the criteria was a PWG (5) similar to that used to establish criteria for hepatoproliferative lesions in rats (26) and mice (27) .
Hepatic neoplasia induced by DEN in medaka appears to progress in stages (6, 19, 25) similar to those that characterize hepatic neoplasia rodents (27) and in rainbow trout (16) . In carcinogenesis studies using medaka, protocols for DEN hepatocarcinogenicity vary but most involve continuous exposure to I S-100 mg/L DEN in ambient water for about 8 wk followed by an additional 8-wk or longer period in clean water to allow for tumor development (20) . Hepatic neoplasia induced by DEN in medaka can be enhanced by several factors including partial hepatectomy preceding ex-posure (24) , increased environmental temperature during exposure and growout phases (24) , and increased carcinogen exposure concentration, length of exposure, and length of growout period in clean water (23) . Exposure concentration of DEN also affects the type of hepatic neoplasm induced. Usually, DEN causes a spectrum of hepatocellular preneoplastic and neoplastic lesions including foci of cellular alteration, adenoma, and carcinoma. Cholangiocellular lesions sometimes occur frequently following DEN exposure, especially in genotypes of Poeciliopsis (29) but usually less frequently than hepatocellular neoplasms. High exposure concentrations and extended growout periods often result in the development of various kinds of sarcomas in medaka liver (6) .
In the progression of hepatic neoplasia in rodents, the appearance of the altered focus is considered to represent the first morphologic stage (3, 27) . Similarly, altered hepatic foci are thought to be early stages of the neoplastic process and that some foci progress to neoplastic lesions in fish (16, 17, 19) . Generally, foci in medaka liver resembled those in rat liver but were more irregular in shape.
Four types of altered foci in medaka were described in this study. The types of foci will be further subdivided to fully describe the neoplastic process in the medaka liver. In this study, however, it was believed important to establish a simple classification system that would be useful for pathologists conducting regulatory studies using medaka or for teams of pathologists reading large studies. To accomplish this, several conditions regarding the diagnosis of foci had to be established. Altered foci of fewer than 10-12 cells were not diagnosed. Mixed cell foci were diagnosed according to the predominant cell type. Amphophilic foci which are normally characterized by increased staining and are difficult to categorize as either eosinophilic or basophilic and represent a &dquo;gray&dquo; area in diagnosis as they might not be truly unique lesions. Diagnosing the foci based on staining is complicated by the sex of the specimen, section thickness, or the staining qualities of a particular lesion. The trend in rodent toxicologic pathology is to diagnose fewer amphophilic lesions. Therefore, it was decided that amphophilically staining lesions would be considered as basophilic foci unless they demonstrated distinct characteristics identifying them as eosinophilic foci. Thus, most distinct foci of increased staining intensity were classified as basophilic foci especially those comprised of small hepatocytes.
A lesion that has generated some interest in small fish carcinogenesis studies is spongiosis hepatis, or cystic degeneration. In rodents, spongiosis hepatis is a pathological process believed to involve the perisinusoidal (Ito) cell of the liver (1, 2, 11, 32) . Those studies suggested that the characteristic multilocular cystlike complexes result from a carcinogen-induced metabolic disturbance of the perisinusoidal cells. Also, because some spongiotic lesions in rats examined after long periods following exposure to a carcinogen demonstrated elevated cell proliferation, it was suggested that the spongiotic lesion might transform into pericytoma, a malignant mesenchymal tumor (2) . However, there is uncertainty as to whether spongiosis hepatis should be considered a preneoplastic or neoplastic liver lesion in mice (11) . In fish, spongiosis hepatis was first reported from medaka exposed to methylazoxymethanol acetate (21) . Subsequently, the lesion has been reported in several small fish species from a variety of carcinogen exposures (6, 10, 13, 19) . In the sheepshead minnow (Cyprinodon variegatus), spongiosis hepatis was considered to occur as a result of chemical exposures and was believed to play a role in the progression of spindle cell neoplasms described as polymorphic cell neoplasms (9) . However, because spongiosis hepatis occurs in broodstock, control specimens, and specimens exposed to both carcinogenic and noncarcinogenic chemicals (6) (Hawkins and Wolfe, unpublished), it appears that more research is required to determine if the lesions are neoplastic rather than degenerative and whether they can give rise to hemangiopericytomas or other spindle cell neoplasms (7, 8) . 
